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Food deprivation suppresses animal growth and
development but spares the systems essential for
foraging. The mechanisms underlying this selective
development, and potential roles of lipids in it, are
unclear. When C. elegans hatch in a food-free envi-
ronment, postembryonic growth and development
stall, but sensory neuron differentiation and neuronal
development required for food responses continue.
Here, we show that monomethyl branched-chain
fatty acids (mmBCFAs) and their derivative, d17iso-
glucosylceramide, function in the intestine to
promote foraging behavior and sensory neuron
maturation through both TORC1-dependent and -in-
dependent mechanisms. We show that mmBCFAs
impact the expression of a subset of genes, including
ceh-36/Hox, which we show to play a key role in
mediating the regulation of the neuronal functions
by this lipid pathway. This study uncovers that a lipid
pathway promotes neuronal functions involved in
foraging under both fed and fasting conditions and
adds critical insight into the physiological functions
of TORC1.
INTRODUCTION
Regulation of animal development and behavior in response to
nutritional cues is an intensely studied problem (Hietakangas
and Cohen, 2009; Zoncu et al., 2011). In animals, nutrient signals
generated in specialized tissues, such as the digestive tract, are
communicated to all other tissues to coordinate growth, devel-
opment, and behavior. For example, signals conferring fasting
conditions cause global change in metabolic and developmental
programs to reduce the consumption of energy and nutrients
(Cahill, 1970). Notably, development and functions of the
neuronal system, required for food seeking and responses, are
spared under fasting conditions (Cahill, 1970; Cheng et al.,
2011; Dobbing et al., 1971). Themolecular mechanisms underly-
ing selective promotion of neuronal development and functions
involved in foraging and feeding behavior in response to nutrient
cues (or lack thereof) is a fascinating problem related to human260 Developmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier Incdiseases and health (Cahill, 1970; Cheng et al., 2011; Cota
et al., 2006; Swiech et al., 2008).
Our recent work uncovered a lipid-TORC1 signaling pathway
that coordinates nutrient and metabolic status with growth and
development (Zhu et al., 2013). Specifically, we showed that
a monomethyl branched-chain fatty acid (mmBCFA)-derived
sphingolipid, d17iso-glucosylceramide (d17iso-GlcCer), is a crit-
ical metabolite in regulating postembryonic growth and develop-
ment (Kniazeva et al., 2008; Zhu et al., 2013). Further analysis
indicated that this lipid function is mediated by TORC1 and is
antagonized by the NPRL-2/3 complex in the intestine. In this
study, we report that mmBCFA and d17iso-GlcCer promote
neuronal development and foraging functions during both fasting
and fed conditions and that this promotion is partially mediated
by the TORC1 signaling pathway. Such a function of TORC1
signaling during fasting is somewhat unexpected and intriguing
since the TOR complex is better known for being activated by
nutrients (Dibble and Manning, 2013; Laplante and Sabatini,
2012).RESULTS
mmBCFAs Facilitate Food Sensing and Responses of L1
Larvae under Both Fasting and Fed Conditions
The first-larval-stage (L1) arrest of mmBCFA-depleted elo-5
loss-of-function (elo-5(lf)) mutants resembles L1 diapause
induced by food deprivation at hatching; in both cases, cell pro-
liferation (e.g., M cell division) and growth are halted (Baugh
et al., 2009; Kniazeva et al., 2008; Lee and Ashrafi, 2008). It
has been shown that food-deprived wild-type animals exhibit a
fast, ‘‘food-seeking’’ dispersal behavior that switches to a slower
‘‘feeding’’ mode once food is encountered (Bargmann, 2006;
Ben Arous et al., 2009; Fujiwara et al., 2002). Mechanistically,
this is achieved through well-characterized changes in the loco-
motive repertoire controlled by neuronal circuits in the presence
and absence of food (Gray et al., 2005; Pierce-Shimomura et al.,
1999; Wakabayashi et al., 2004). We asked if mmBCFA defi-
ciency, which results in developmental arrest that is similar to
starvation-caused arrest, also affected food-related behavior.
We first set up a behavior assay (modified from Shtonda and
Avery’s [2006] study) in which eggs were placed on one side of
an agar nematode growth media (NGM) plate (origin) and a small
bacterial spot was placed on the opposite side (food) (Figures
1A–1F). The hatched larvae were scored at a set time point in.
Figure 1. Food-Seeking Ability Is Compro-
mised in mmBCFA-Deficient L1 Larvae
(A–C) Images of the ‘‘food-seeking assay’’ plates
where each dot marks individual animals. Circles
show the food spot and origin (green and black
circles, respectively). At the time when most of
the wild-type (wt) animals had reached the food
spot (A), elo-5(lf) larvae remained dispersed (B).
C17ISO supplement added to the test plates prior
to plating eggs rescued the compromised food-
seeking behavior of elo-5(lf) (C).
(D–F) Quantitative data corresponding to experi-
ments illustrated in (A)–(C).
(G) Dosage effect of C17ISO supplementation on
food-seeking ability of elo-5(lf) L1 larvae.
(H and I) Images of test plates show a food spot
and surrounding area. Unlike wild-type animals
(H), elo-5(lf) larvae did not stay on the food spot (I).
Arrows point to bacteria-filled tracks left by elo-
5(lf) larvae, which moved on and off of the food
spot. Scale bar, 5 mm.
Error bars in (D)–(F) and (G) indicate SD.
See also Figure S1.three locations: origin, food, and on the plate area in between
(referred to as ‘‘wandering’’). This allowed for a comparison of
the general locomotive behavior and food response between
wild-type and elo-5(lf) L1 larvae.
Over time, nearly all wild-type larvae found the food spot and
accumulated there (Figures 1A and 1D). In contrast, the vast
majority of elo-5(lf) mutant larvae continued wandering across
the plates (Figures 1B and 1E). This abnormal food-seeking
behavior of elo-5(lf) animals was not a congenital defect caused
by mmBCFA deficiency during embryogenesis because feeding
L1-arrested larvae with mmBCFA (C17ISO) reversed the
behavior of elo-5(lf) mutants to that of wild-type (Figures 1C
and 1E–1G). Supplementation with straight-chain fatty acids
(FAs) did not rescue the behavioral phenotype (Figure S1A).
The failure of elo-5(lf) larvae to dwell on the food spot could
result from (1) defects in movement, (2) defects in sensing food
from a distance, and/or (3) the inability to switch to dwelling
behavior once food was encountered by directional or random
locomotion.We first examined dispersal rate and speed locomo-
tion on food-free plates and found relatively modest difference
between wild-type and elo-5(lf) (Figures S1C and S1D). This dif-
ference is unlikely to be a major cause for the altered accumula-
tion on food phenotype of elo-5(lf), because our further analysis
showed no significant defect in directional locomotion associ-
ated with elo-5(lf) in assays testing thermo-taxis and response
to NaCl gradient (Figures S1E–S1H). This suggested thatDevelopmental Cell 33, 260mmBCFA deficiency affected certain
food behavior rather than locomotion in
general, which is further supported by
data presented in the next section (Fig-
ures 2A and 2B). To test food-sensing
ability, we modified the food-seeking
assay depicted in Figure 1A by adding
C17ISO to the food spot and then found
that the percentage of elo-5(lf) worms
that reached the food spot was only halfthat of wild-type (Figure S1B). Because elo-5(lf)worms dwell nor-
mally on C17ISO-containing food (stayed on the food spot once
they reach it) (also discussed later), this difference suggests that
mmBCFA-deficient worms are defective in sensing food from
distance. Finally, in our food-seeking assay, the track of bacterial
growth indicated that elo-5(lf), but not wild-type, worms moved
out of the food spot once they reached it (Figures 1H and 1I), sug-
gesting that the observed increased ‘‘wandering’’ of elo-5(lf) L1
larvae is, at least in part, due to altered dwelling behavior on
food (further analysis is given later).
mmBCFAs Promote Normal On-Food Locomotive
Behavior
We compared locomotory behavior on food between wild-type
and mmBCFA-deficient elo-5(lf). Wild-type C. elegans move on
plates with wavelike locomotion and change directions through
reversals and shallow or sharp turns, comprisingU-turns and pir-
ouettes (Gray et al., 2005; Pierce-Shimomura et al., 1999; Waka-
bayashi et al., 2004). Duration and frequency of runs and turns
produce the locomotive repertoire of behaviors. Without food,
a predominant type of behavior, known as random walks, is
characterized by the quick dispersal in a search of nutrients. In
comparison, the dispersal of feeding worms is slower because
of longer times spent in the dwelling state than in the roaming
locomotive behavioral state (Figures 2A and 2B) (Gray et al.,
2005; Samuel and Sengupta, 2005; Wakabayashi et al., 2004).–271, May 4, 2015 ª2015 Elsevier Inc. 261
Figure 2. mmBCFAs Are Required for
Normal On-Food Locomotion
(A) Images of spread rate testing plates, with or
without food (OP50 bacteria). The location of each
larva wasmarked at the same time points and was
used for calculation of dispersal/spread rates. elo-
5(lf) animals covered a significantly larger area on
the food plate in a given time but behaved similarly
to the wild-type (wt) on food-free plates. No dif-
ference in off-food spread rates between wild-
type and elo-5(lf) larvae was detected. C17ISO
supplement rescued this behavioral phenotype of
elo-5(lf) on food.
(B) Bar graphs showing quantitative analysis of the
behavior on food (spread rates). The y axis in-
dicates the percentage of area covered (reflecting
spread rates) by L1 larvae. mmBCFA-deficient
elo-5(lf) displayed a dramatically increased on-
food spread rate. Supplementation of C17ISO
effectively suppressed the high spread rate
phenotype.
(C) Images of wild-type larvae and their traces on a
food lawn. The terms for locomotion modes were
defined previously (Gray et al., 2005; Samuel and
Sengupta, 2005; Wakabayashi et al., 2004) and
represented graphically here. sr, short reversal; st,
shallow turn; p, pirouette; Ut, U turn; run, contin-
uous run.
(D) Pie charts showing the percentage of each
type of turn for wild-type and elo-5(lf) animals
under the indicated feeding conditions. L1 larvae
were recorded for 3–5 min for each condition (n =
11–20).
(E) Typical tracks on food recorded for elo-5(lf)
larvae;most turns are shallow and continuous runs
are longer in comparison with the runs of wild-type
in (C).
(F) The average length of a run by elo-5(lf) larvae is
significantly longer than that by wild-type.
Error bars indicate SDs.
See also Figure S2 and Movies S1 and S2.Because mmBCFAs are essential for vitality in C. elegans
(Kniazeva et al., 2004, 2008; Zhu et al., 2013), we examined
mmBCFA-deficient larvae before manifestation of the severe de-
fects by using two conditions (Experimental Procedures). One
condition was to obtain elo-5(lf) animals derived from healthy
parents that were constantly fed with mmBCFA supplement.
The other condition was to treat wild-type worms with elo-
5(RNAi) from the time of hatching through L1. Under both condi-
tions, the larvae appeared superficially healthy. The behavior of
such larvae was compared to wild-type L1 larvae.
We found that, when placed in the center of a food (bacterial)
lawn, elo-5(lf) or elo-5(RNAi) larvae moved farther away
(dispersed) from the origin than did wild-type larvae in the
same time (Figures 2A and 2B; Figure S2A). We use the term
‘‘spread rate’’ hereinafter to describe the dispersal of larvae on
food in this study (Experimental Procedures). We found that
the spread rate, calculated as an area covered by the animals
on a plate surface (Experimental Procedures), positively corre-262 Developmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier Inclated with the time spent in the roaming state and negatively
correlated with the time spent in the dwelling state. Specifically,
we found that elo-5(lf) larvae tended to make more shallow turns
than sharp turns (comprising U-turns and pirouettes) and that
they made more long runs and spent a longer time in motion
on food (Figures 2C–2F; Movies S1 and S2). This resulted in a
faster dispersal of the larvae on food. In the presence of
C17ISO supplement, the behavior of elo-5(lf) returned to normal
(Figures 2A, 2B, and 2D), indicating that mmBCFA deficiency
was the main cause of this phenotype.
The locomotion patterns of elo-5(lf) mutants were similar to
those of wild-type worms on food-free plates (Figures 2A,
2B, and 2D). This is consistent with the notion discussed
earlier that no major movement defect is associated with
elo-5(lf) to account for the food-seeking defect. Taken
together, these data showed that mmBCFA metabolism
has a significant impact on the locomotion pattern in
foraging behavior. Additional analysis also indicated that the.
requirement of mmBCFAs for normal locomotive behavior on
food is specific (Figure S2).
The mmBCFA/d17iso-GlcCer/TORC1 Pathway
Promotes Sensory Neuron Differentiation in Fed and
Fasting Larvae
The observed food-related behavioral defects in mmBCFA-defi-
cient L1 larvae suggested a malfunction of sensory neurons. We
examined two AWC neurons, which sense volatile attractants
from food to direct chemotaxis in adultC. elegans animals (Barg-
mann et al., 1993; Ha et al., 2010). In wild-type animals, an
odorant receptor, STR-2, is stochastically expressed in one of
the AWC neurons (AWCON) (Troemel et al., 1999). The asym-
metric expression of str-2 is established upon the differentiation
of neuronal fates of the AWCs at the L1 stage and, thus, can be
used as a marker for AWC maturation (Lesch et al., 2009; Sze
et al., 2000, 2002; Troemel et al., 1999).
We found that, shortly after hatching on food-free plates, str-
2::GFP expression was weak in both neurons in wild-type larvae
(100%, n > 300) (Figure 3A). Over time, however, the GFP
expression became stronger and localized asymmetrically in
the neuronal body and projections of the AWCON neuron under
both fed and fasting conditions (95% at 7 hr after hatching on
food, n = 150; 88% at 48 hr on food-free plates, n = 250) (Fig-
ure 3B). This indicated that the AWCs continued to differentiate
during L1 diapause, albeit at a slower rate than under fed
conditions.
In contrast to wild-type, str-2::GFP expression remained weak
and corresponded to the undifferentiated state at all time points
in the elo-5(RNAi) L1 larvae (100%at48 hr, n > 300) (Figure 3C),
indicating that differentiation of the AWCs, and possibly other
olfactory neurons, was compromised by mmBCFA deficiency.
Indeed, topical application of C17ISO supplement to the culture
plates rescued asymmetrical expression of str-2::GFP (51% in
fed animals, n = 100) (Figure 3D). This rescue may also indicate
that elo-5 does not act cell autonomously in AWCs for their
differentiation. Therefore, mmBCFA promotes differentiation of
AWC neurons at L1 during both fed and fasting conditions. It
has been shown that maintenance of str-2::GFP expression
and STR-2::GFP asymmetry depends on olfactory signaling,
which is not required for initial AWC differentiation (Koga and
Ohshima, 2004; Lanjuin et al., 2003; Troemel et al., 1999). We
found that depleting mmBCFAs in adults or late larvae also
inhibited str-2::GFP expression in AWCON (Figures 3F and 3G),
suggesting that mmBCFAs may be important for neuronal func-
tion after differentiation as well. The cumulative results indicated
that mmBCFAs are involved in neuronal development and func-
tions at multiple levels.
We then asked if mmBCFAs promote AWC differentiation
through the d17iso-GlcCer/TORC1 pathway. We found that
sptl-1(RNAi), which inhibited expression of serine palmitoyl-
transferase and disrupted biosynthesis of the sphingoid base,
d17iso-SPA, a precursor of d17iso-GlcCer, also blocked
AWC differentiation (Figure 3E). Moreover, activating TORC1
by the nprl-3(ku540) mutation restored AWC differentiation in
mmBCFA-deficient elo-5(lf);nprl-1(ku540) double mutants (Fig-
ures 3H–3J). These results suggested that mmBCFA/d17iso-
GlcCer promotes AWC differentiation through a TORC1-depen-
dent mechanism.DevmmBCFA Deficiency Does Not Globally Inhibit
Transcription or Translation in L1 Larvae
We then tested the possibility that the incomplete neuronal dif-
ferentiation and, possibly, other neurological abnormalities in
elo-5(lf) were caused by a global inhibition of transcription or
translation in newly hatched elo-5(lf), which could result from
hypo-activity of the TORC1 pathway (Long et al., 2002; Ro-
bida-Stubbs et al., 2012; Sheaffer et al., 2008; Syntichaki et al.,
2007; White and Sharrocks, 2010). Specifically, we asked
whether the transcripts that were highly enriched in wild-type
L1 larvae versus embryos were also upregulated in elo-5(lf) L1
larvae. Microarray data analyses from published work and this
study indicated that large sets of embryonically suppressed
genes were sharply upregulated or downregulated shortly after
hatching in all larval samples (Figure 3K) (Baugh et al., 2009;
Baugh and Sternberg, 2006; Long et al., 2002; Phirke et al.,
2011; Sheaffer et al., 2008; Syntichaki et al., 2007). The gene
expression pattern of elo-5(lf) larvae largely clustered with the
wild-type larval data but not with the embryonic data (Figure 3K,
upper panel). We also noticed that a subset of genes was upre-
gulated specifically in elo-5(lf) but not in wild-type embryos or L1-
arrested larvae (Figure 3K, lower panel). These data indicated
that transcriptional activity was not globally inhibited in elo-5(lf)
L1 animals.
We also found that the protein biosynthetic machinery was not
globally repressed in elo-5(lf) larvae. We looked at the translation
of the nhr-178 transcript, which was significantly elevated in
elo-5(lf) larvae compared to embryos in our microarray analysis.
Consistent with the gene expression data, an nhr-178::GFP re-
porter produced no or weak GFP signal in embryos and a bright
GFP fluorescence in the larvae (Figures S3A–S3D). This result
indicated that the protein biosynthetic machinery was not glob-
ally repressed in elo-5(lf) animals.
CEH-36 Is Critically Involved in Mediating mmBCFA/
d17iso-GlcCer Signaling in On-Food Behavior
CEH-36 is a homeobox transcription factor required for differen-
tiation of AWC and ASE sensory neurons (Koga and Ohshima,
2004; Lanjuin et al., 2003; Troemel et al., 1999). Thus, we
examined the expression of ceh-36 in elo-5(RNAi) larvae using
a ceh-36::RFP reporter. The expression of the reporter was
significantly reduced compared to wild-type (Figures 4A–4C),
suggesting that mmBCFAs promote ceh-36 expression.
To examine the role of ceh-36 and AWC neurons in the food-
seeking behavior, we used ceh-36(ky646, lf) and slo-1(ky389, gf)
mutants with abnormal AWC cell specification. ceh-36(lf) mu-
tants failed to express the str-2::GFP marker (AWC2OFF pheno-
type), while slo-1(gf) mutants lost asymmetrical expression of
the marker, resulting in the AWC2ON phenotype (Koga and Oh-
shima, 2004; Lanjuin et al., 2003; Troemel et al., 1999). We found
that both mutants were defective in food-seeking abilities, with
ceh-36(lf) being more affected than slo-1(gf) (Figure 4D). The
ceh-36(lf) mutants also displayed higher spread rates on food,
similar to elo-5(lf) (Figure 4E). These results indicated that ceh-
36 is required for normal foraging behavior.
We tested the hypothesis that reduced expression of ceh-36 in
elo-5() mutants critically contributed to the on-food behavior
defect in mmBCFA-deficient animals and that ‘‘forced’’ neuronal
expression of ceh-36 in elo-5(lf) mutants would at least partiallyelopmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier Inc. 263
Figure 3. mmBCFA/d17iso-GlcCer/TORC1 Is Required for Differentiation of AWC Neurons Involved in Food Sensing, and mmBCFA Defi-
ciency Does Not Globally Inhibit Transcription
(A–J) GFP images illustrating the expression of an integrated str-2::GFP reporter in AWC neurons in animals with indicated genotypes and conditions. Prominent
expression in one of the two AWC neurons (asymmetric expression) indicates differentiation and maturation of the neurons (Troemel et al., 1999). Percentage of
worms with asymmetrical str-2::GFP expression in AWCs and the time or stage after hatching are indicated. WT, wild-type. (A and B) Differentiation of AWC
neurons continued after hatching on food-free plates, as indicated by bright and asymmetrical str-2::GFP fluorescence. An arrow points to a weak neuronal str-
2::GFP expression; arrowheads point to bright asymmetrical expression of str-2::GFP in AWC bodies and projections. (C–E) The expression of str-2::GFP in elo-
5(RNAi) and sptl-1(RNAi) L1 was similar to the undifferentiated AWC state, and the expression in elo-5(RNAi) worms is recovered by C17ISO supplement. (F and
G) mmBCFA is required for maintaining the asymmetric str-2::GFP expression in AWC neurons after their initial differentiation. elo-5(lf)mutant animals containing
the str-2::GFP reporter were cultured on plates with C17ISO supplementation that overcomes the elo-5(lf) defects. They were then transferred as adults to plates
with or without the C17ISO supplement, and GFP expression in AWCwas examined the next day. (H–J) nprl-3(ku540 lf)mutation restores asymmetric str-2::GFP
expression in AWC neurons in elo-5(lf) animals without C17ISO supplementation. The larval stages were estimated based on the body size.
(K) Comparative analysis of the transcriptome did not reveal global inhibition of transcription in mmBCFA-deficient elo-5(lf) larvae. The gene expression pattern in
elo-5(lf) larvae is similar to that of wild-type L1s with respect to postembryonic genes, which are up- and downregulated after hatching (upper panel). Some genes
were specifically upregulated in elo-5(lf) L1s, but not in wild-type embryos or L1-arrested larvae (lower panel). Red and green indicate genes that are expressed
more or less than average expression on the array, respectively.
See also Figure S3.
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Figure 4. ceh-36/hox Acts Downstream of mmBCFAs to Promote Foraging Behavior
(A and B) Differential interference contrast (DIC) and red fluorescent protein (RFP) images illustrating that ceh-36::RFP expression was strong in wild-type (wt) but
barely detectable in elo-5(RNAi).
(C) Quantitative data for results in (A)–(B) (wild-type n = 10 animals; elo-5(RNAi) n = 8 animals, p = 1.04E7).
(D) Quantitation of food-seeking assays (see Figure 1A) of indicated strains. Absence of neuronal ceh-36 expression in both AWC neurons (AWC2OFF) results in
altered food-seeking behavior in ceh-36(lf) mutants.
(E) ceh-36(lf)mutant larvae displayed increased on-food spread rate. Both strains also contained the integrated str-2::GFP. Worm distribution was scored 18 hr
after eggs were spotted on the center of testing plates. Ten and five replicates for the ceh-36(lf) and control samples were performed, respectively.
(F) Extrachromosomal Pche-2::ceh-36 transgene (ceh-36(tr)) rescued dwelling behavior of ceh-36(lf) mutant. Larvae were plated on the center of bacteria-
covered test plates, and number of non-transgenic and transgenic larvae outside of center of a plate was counted. Data were obtained from eight replicates.
(G) The high on-food spread-rate defect of mmBCFA-deficient worms (elo-5(lf) without C17ISO supplement) is suppressed by the expression of an integrated
Pche-2::ceh-36(+) transgene (ceh-36(tr)). The transgene has no significant influence on the on-food spread rate of elo-5(lf) animals with C17ISO supplement, nor
does it affect the off-food spread rate of mmBCFA-deficient elo-5(lf) (right panel), indicating that the transgene does not affect animals’ traveling ability. Data were
obtained from 9–13 replicates: control n = 588 and 1,234, and transgene n = 1,045 and 955, with and without supplement, respectively. The p values are from
Student’s t test.
Error bars indicate SD.rescue the normal behavior. We constructed transgenic strains
containing the ceh-36(+) gene cloned behind the che-2 promoter
driving the expression in ciliated neurons (Fujiwara et al., 2002).DevWe found that the Pche-2::ceh-36(+) transgene effectively
rescued the two phenotypes of ceh-36(lf) mutants: the expres-
sion of str-2::GFP in the AWCON neuron (88% of worms withelopmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier Inc. 265
the transgene, n = 30, versus 0% of the worms without the trans-
gene, n > 50) and the on-food dwelling behavior (Figure 4F).
These results showed that the transgene is functional.
We then compared the on-food behavior of the elo-5(lf);str-
2::GFP strain containing an integrated Pche-2::ceh-36(+) trans-
gene with the strain without the transgene. Consistent with
the earlier observation (Figure 2B), elo-5(lf);str-2::GFP larvae
deficient for C17ISO displayed a higher spread rate than elo-
5(lf)::str-2::GFP larvae with C17ISO supplement in this test (Fig-
ure 4G). However, a statistically significant decrease in the
spread rate was observed in C17ISO-deficient, ceh-36(+) trans-
genic animals (Figure 4G). The transgene itself did not affect
locomotion in general, since no difference in spread rate be-
tween transgenic and non-transgenic animals was observed in
the presence of C17ISO supplement, and no difference in the
behavior was observed between mmBCFA-deficient transgenic
and non-transgenic animals on food-free plates (Figure 4G).
These data indicated that ‘‘forced’’ expression of ceh-36 in neu-
rons partially recovered on-food locomotive behavior.
It is interesting that the transgene did not effectively rescue
the str-2::GFP expression in AWC neurons in elo-5(lf) mutants
without C17ISO supplementation (0%, n = 30). This indicated
that mmBCFA deficiency affected not only ceh-36 but also
an additional factor (or factors) involved in regulating str-2
expression (Lesch et al., 2009; Sze et al., 2000, 2002; Troemel
et al., 1999). This could be why the behavioral rescue was
not complete. On the other hand, the reduced spread rate of
mmBCFA-deficient animals by the Pche-2::ceh-36 transgene
without recovering AWC differentiation suggests an AWC-inde-
pendent contribution of ceh-36 to the foraging behavior.
mmBCFAs Promote Normal On-Food Behavior through a
Serotonin-Independent Mechanism
Serotonin-mediated neuronal signaling has been shown to play
important roles in C. elegans food seeking and response (Avery
and Horvitz, 1990; Ben Arous et al., 2009; Chao et al., 2004; Hor-
vitz et al., 1982; Sze et al., 2000; Waggoner et al., 1998). More
recently, it has been shown that serotonin and PDF (pigment
dispersing factor) neuropeptides initiate and extend dwelling
and roaming behavioral states inC. elegans, respectively (Flavell
et al., 2013). Specifically, animals carrying an lf mutation in the
tph-1 gene, encoding a tryptophan hydroxylase essential for
serotonin biosynthesis, spent more time roaming on food than
wild-type animals, while pdf-1(lf)mutants spent more time dwell-
ing (Flavell et al., 2013). Indeed, the spread rate of tph-1(lf) in our
assay was significantly higher than that of wild-type (Figure S2E).
The increased roaming of tph-1(lf) mutants was partially sup-
pressed by supplementation with serotonin (Figure S2E), consis-
tent with the reported role of serotonin in promoting dwelling
versus roaming behavior on food (Flavell et al., 2013).
Therefore, we asked whether mmBCFA deficiency (elo-5(lf))
affected food seeking and dwelling ability by reducing serotonin
production. We compared the behavior of elo-5(lf) larvae in the
presence and absence of the serotonin supplementation.
Because a high level of exogenous serotonin was reported to
inhibit the mobility of C. elegans (Sawin et al., 2000), we used a
concentration of serotonin that rescued the tph-1(lf) mutant but
did not affect wild-type behavior (Figure S2E; Experimental Pro-
cedures). We found that exogenous serotonin did not rescue the266 Developmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier Incdwelling behavior of elo-5(lf) (Figure S2E), suggesting that
decreased serotonin was not the major cause of the altered
behavior.
We also tested whether the increased spread rate of elo-5(lf)
animals was dependent on PDF-1, which counterbalanced the
effect of serotonin in feeding C. elegans (Flavell et al., 2013).
We found that pdf-1(lf) could not suppress the high spread
rate of elo-5(RNAi) (Figure S2F), suggesting that PDF-1 is
not required for the manifestation of the dwelling defect of
mmBCFA-deficient larvae.
Effective Food-Seeking Behavior Depends on Intestinal
d17iso-GlcCer and TORC1 Activity
We have shown that the growth arrest and the failed AWC differ-
entiation of mmBCFA-deficient larvae were likely due to a defi-
ciency of d17iso-GlcCer and TORC1 function (Zhu et al., 2013;
Figure 3E). Therefore, we investigated the role of d17iso-GlcCer
and TORC1 in the foraging behavior. We found that d17iso-SPA,
an mmBCFA-derived sphinganine, which is a precursor to
d17iso-GlcCer, effectively rescued the foraging defects of elo-
5(lf) mutants (Figure 5A). Conversely, blocking d17iso-GlcCer
synthesis via RNAi knockdown of sptl-1 (sphingolipid synthe-
tase) or double mutations of two ceramide glucosyl transferases
(cgt-1(lf); cgt-3(lf) or cgt-1(lf); cgt-3(RNAi)) caused aberrant
foraging behavior (Figures 5A and 5C; Figure S4A). cgt-1(lf);
cgt-3(lf) double mutants displayed pleotropic defects, including
uncoordinated movement (which is likely due to global reduction
of GlcCer), contributing to a high percentage of worms remaining
at the original spot. These pleotropic phenotypes are mostly
avoided in the cgt-1(lf); cgt-3(RNAi) animals that displayed a
weaker but significant food-seeking defect. These data sup-
ported a hypothesis that d17iso-GlcCer functions downstream
ofmmBCFAs to positively affect food-seeking behavior in larvae.
We then asked if TORC1 could promote food-seeking
behavior at L1.We found that let-363/TOR(lf) homozygous larvae
changed foraging behavior in a way similar to that observed in
elo-5(lf)mutants, while the let-363/TOR(lf) heterozygous animals
or the let-363/TOR(lf) animals carrying a let-365/TOR(+) trans-
gene resembled wild-type (Figures 5A and 5B). These data sug-
gested that TOR activity positively influenced the food response.
We then determined that activating TORC1 by the nprl-
3(ku540) mutation (Zhu et al., 2013) could effectively suppress
the food-seeking defect of elo-5(lf) and cgt-1(lf):cgt-3(lf) dou-
ble-mutant L1 larvae as well as the elo-5(lf); cgt-1(lf):cgt-3(lf)
triple mutants (Figure 5A). This suggests that TORC1 acts down-
stream of the d17iso-GlcCer synthesis to promote food-seeking
behavior at L1.
We measured the spread rate of animals on food and found
that the increased spread rate phenotype of elo-5(RNAi) animals
was suppressed by the nprl-3(ku540) allele that activates TORC1
(Figure 5E). However, the nprl-3(ku540) mutation could not sup-
press the high dispersal rate of elo-5(lf) mutants (Figure 5F).
Apparently, elo-5(lf) mutants are depleted of mmBCFAs more
quickly than could be achieved with elo-5(RNAi) treatment
(Experimental Procedures). The behavioral phenotype of the
double mutant could still be rescued with C17ISO supplements
to the food (Figure S4B). These results indicated that, while
TORC1 contributes to food-seeking behavior downstream of
mmBCFA, its activation by nprl-3(lf) is not sufficient to bypass.
Figure 5. mmBCFA/d17iso-GlcCer Pro-
motes Food-Seeking and Dwelling Behav-
iors through TORC1-Dependent and -Inde-
pendent Mechanisms
(A) Quantitative data showing requirement for
d17iso-GlcCer biosynthesis and activation of
TORC1 pathway for effective food-seeking
behavior in L1 larvae (same assay described in
Figures 1A–1F).Genotypesof the alleles usedwere
as follows: elo-5(gk208, lf), cgt-1(tm1027, lf); cgt-
3(tm504, lf), nprl-3(ku540, rf), and let-363(ok3018,
lf). WT, wild-type.
(B) DIC and fluorescence images of homozygous
and heterozygous mixed populations of let-363/
TOR late larvae and adults; quantification of the
two strains is shown in (A). Only green, heterozy-
gous (lf/+) animals have affinity for the food spot
(GFP, right panel), whereas non-green, homozy-
gous (lf) mutants often fail to stay on food.
(C) Expression of cgt-1(+) transgene in the intes-
tine (ges-1 promoter), but not in neurons (rgef-1
promoter), suppressed the food-seeking defects
caused by partial disruption of CGT activity
(cgt-1(lf) cgt-1(RNAi)). (All strains also contain
an integrated str-2::GFP transgene, of which
the expression is not affected under these
conditions).
(D) Expression of the raga-1(DA) transgene that
causes partial, constitutive activation of TORC1 in
the intestine suppressed the food-seeking defects
of elo-5(lf). Expression of the transgene in neurons
displayed a statistically insignificant improvement.
(E) Abnormally high spread rate of elo-5(RNAi)
animals on food was suppressed by nprl-3(ku540,
lf), which activates TORC1.
(F) nprl-3(ku540),which suppressed the L1 growth
arrest of elo-5(lf), did not suppress the high spread
rate phenotype of elo-5(lf) mutant on food, unless
C17ISO was added on the plates, suggesting a
TORC1-independent requirement of mmBCFAs
on the on-food dwelling behavior.
Error bars indicate SD.
See also Figure S4.the requirement of elo-5 for the dwelling behavior. In other
words, mmBCFAs likely promote foraging behavior through
both TORC1-dependent and -independent mechanisms.
Previous mosaic analysis indicated that elo-5 expression in
the intestine is both necessary and sufficient for postembryonic
development, which is consistent with the absence of the
expression of an elo-5::GFP reporter in larval neurons (Kniazeva
et al., 2004, 2008). Similarly, the expression of CGT (GlcCer syn-
thetase) enzymes in the intestine, but not in other tissues (i.e.,
neurons), is sufficient for postembryonic development, which is
also consistent with the absence of cgt-1::GFP and cgt-3::GFP
expression in neurons (Marza et al., 2009). Moreover, TORC1
activation via a raga-1(gf) transgene expressed in the intestine,
but not in neurons, is sufficient to suppress the postembryonic
developmental arrest of elo-5(lf) (Zhu et al., 2013). Therefore, it
is likely that intestinal activity of the mmBCFA/d17iso-GlcCer/
TORC1 pathway is critical for the foraging behavior. To test
this, we first constructed transgenic strains expressing cgt-1(+)
behind either an intestine-specific promoter (Pges-1; Edgar
and McGhee, 1986) or a pan-neuronal promoter (Prgef-1;DevBrignull et al., 2006). We found that expression of cgt-1 in the in-
testine, but not in the neurons, suppressed the food-seeking de-
fects associated with cgt-1(lf); cgt-3(RNAi) worms (Figure 5C),
supporting an idea that the lipid biosynthesis pathway acts in
the intestine to affect the food response. We then tested the tis-
sue specificity of TORC1 function by using a raga-1(DA) trans-
gene that, partially, constitutively activates TORC1 (Zhu et al.,
2013). We found that expression of this transgene in the intes-
tine, but not in the neurons, can effectively recover the food-
seeking ability and asymmetric str-2::GFP expression in the
AWC neurons of elo-5(lf) worms (Figures 5D and S4C). These
data suggested that intestinal activity of the mmBCFA/d17iso-
GlcCer/TORC1 pathway plays a critical role in promoting
foraging behavior in addition to the role in controlling postembry-
onic development, although that contribution of the pathway in
other tissues cannot be ruled out.
The proposed function of the mmBCFA/d17iso-GlcCer/
TORC1 pathway in the foraging behavior of C. elegans under
fed and fasting conditions appears to be distinct from a regula-
tion of microbial aversion behavior (Melo and Ruvkun, 2012).elopmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier Inc. 267
Figure 6. A Schematic Presentation of the Roles of the mmBCFA/
d17iso-GlcCer/TORC1 Pathway in Promoting Neuronal Differentia-
tion and Functions Related to Food Responses in C. elegans
Food is perceived through sensory neurons and the intestine, which generates
endogenous stimulus product through digestion. Both neuronal (IIS, TGFb,
etc.) and intestinal (TORC1) signaling systems are required for postembryonic
development (Dev) and growth for newly hatched worms (Baugh and Stern-
berg, 2006; Kniazeva et al., 2008; Zhu et al., 2013). The mmBCFA/d17iso-
GlcCer/TORC1 pathway acts in the intestine to regulate the expression of
transcription factor ced-36 and other genes for differentiation and functions of
AWCs and other sensory neurons involved in foraging behavior, including
on-food locomotion. The lipids may also promote the on-food response
through a TORC1- independent mechanism. The mmBCFA/d17iso-GlcCer/
TORC1 pathway remains active to promote the foraging behavior, even under
fasting conditions.
See also Figure S5.For example, consistent with previous findings that loss of
foraging ability may be caused by a disruption of sensory func-
tions (Bargmann, 2006), we showed that mmBCFA deficiency
blocks AWC neuronal differentiation. In contrast, the microbial
aversion behavior actually depends on sensory neurons (Ha
et al., 2010; Zhang et al., 2005). Furthermore, the functional
requirement for tph-1/serotonin signaling and a JNK-likeMAP ki-
nase pathway in the aversion behavior (Melo and Ruvkun, 2012)
also indicates that the mechanism underlying the aversion
behavior is distinct from themechanism underlying the abnormal
foraging behavior caused by mmBCFA deficiency. First, tph-1(lf)
mutants have increased spread rates on food, and the food-
seeking defect of elo-5(RNAi) is enhanced, rather than sup-
pressed, by a tph-1(lf) mutation (Figures S2E and S5B). This is
consistent with previous findings that effective foraging behavior
(not the foraging defect) requires the tph-1/serotonin pathway
(Avery and Horvitz, 1990; Ben Arous et al., 2009; Chao et al.,
2004; Horvitz et al., 1982; Song et al., 2013; Sze et al., 2000;
Waggoner et al., 1998). Second, while JNK pathway mutants
did not show foraging behavior defects by themselves, the
foraging defect of elo-5(RNAi) was enhanced, rather than sup-
pressed, in these mutants (Figures S5A and S5B). Therefore,
the opposite effects elicited by tph-1/serotonin and JNK
pathway genes suggest that the foraging defect of elo-5(lf)
may not be due to the acquirement of the aversion behavior.
DISCUSSION
Maintaining sharp brain activity and foraging ability is critical for
animals and humans to survive starvation. It is a well-known and268 Developmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier Incfascinating phenomenon that brain growth and development is
spared during nutritional restriction in mammals and Drosophila
(Cahill, 1970; Cheng et al., 2011; Dobbing et al., 1971; Thimgan
et al., 2010). We found that the mmBCFA/d17iso-GlcCer lipid
biosynthesis pathway in the intestine critically promotes effec-
tive food-seeking and on-food behavior. On one hand, the
pathway is essential for differentiation of sensory neurons in L1
larvae, even at times when cell cycle, growth, and differentiation
of non-neuronal tissues are inhibited. On the other hand, it is
required for proper locomotive behavior once food is encoun-
tered. We determined that NPRL-3/TORC1 signaling acts down-
stream of the mmBCFA/d17iso-GlcCer pathway in facilitating
these neuronal functions (see model in Figure 6). Although
TORC1 is best known as a nutrient sensor (Laplante and Saba-
tini, 2012), it appears to also be indispensable for neuronal devel-
opment during fasting times, at least in the early larval stages in
C. elegans.
In C. elegans, both the insulin/insulin-like growth factor 1 re-
ceptor signaling (IIS) pathway and a transforming growth factor
b (TGF-b) pathway have been shown to contribute to the regula-
tion of postembryonic growth and development in response to
neuronal signals for nutrient/food availability (Baugh and Stern-
berg, 2006; Fielenbach and Antebi, 2008; Jones et al., 2009;
Lee and Ashrafi, 2008; Mukhopadhyay and Tissenbaum, 2007;
Soukas et al., 2009). Data from the present study and from our
previous work have indicated that the d17iso-GlcCer/TORC1
pathway is initiated in the intestine and is likely independent of
both the IIS pathway and DAF-7/TGF-b pathway (Kniazeva
et al., 2008; Zhu et al., 2013). This independence may be used
to spare essential functions from starvation-directed inhibition
of metabolism and development (Figure 6).
TORC1 is an important and conserved regulator of transcrip-
tion and translation machinery (Laplante and Sabatini, 2012,
2013); therefore, it was conceivable that its effect on the devel-
opment of the neuronal system in C. elegans is restricted to
the shutdown of either or both of these processes. Indeed, we
found that the expression level of a key transcription factor,
ceh-36, required for differentiation of AWC and ASE sensory
neurons as well as for the dwelling behavior, was suppressed
in mmBCFA-depleted elo-5(lf) mutants. However, we provided
strong evidence for transcriptional and translational activity in
these mutants, indicating that there was not a global shutdown
of these systems in elo-5(lf)mutants (Figures 3K and S3). Our mi-
croarray data indicated that only 4 out of more than 40 neuron-
specific transcription factors, listed in Hobert’s (2005) study,
are significantly downregulated by mmBCFA deficiency (Fig-
ure 3K) (egl-46: 5.99-fold, p = 0.016; ahr-1: 2.34-fold, p =
0.005; zag-1: 2.76-fold, p = 0.018; and pag-3: 3.59-fold, p =
0.005). This suggests that the mmBCFAs, through TORC1 and/
or along with it, affect the expression of specific neuronal regu-
lators besides ceh-36, but not globally. Currently, it is not clear
how the activity of this lipid-TORC1 pathway in the intestine reg-
ulates development in other tissues, including neuronal functions
described in this work. One possibility is that this pathway affects
the production of certain secretory peptides that would relay the
signal from the gut to other tissues. How different tissues
communicate to execute response to changes to environment
and metabolic cues is, in general, a fascinating problem to
explore..
In characterizing the behavioral changes associated with
mmBCFA deficiency, we showed that both wild-type andmutant
worms of the same stage performed similarly in the dispersal
assay on the plates without food. This indicated that there were
nodefects inmovement, suchasparalysis, uncoordinatedmove-
ment, or slow speed of runs in the affected worms. However, the
mutant animals performed differently in food-seeking and dwell-
ing assays (Figures 1 and 2). Roaming and dwelling are the two
well-characterized, mutually exclusive behavioral states regu-
lated by a balance between serotonin and PDF signaling in the
defined neuronal circuit (Flavell et al., 2013). We found that
neither of theseneurotransmitters contributed to thealtered loco-
motory behavior in the elo-5mutants (Figures S2E and S2F). It is
interesting that neither serotonin supplementation to tph-1(lf) nor
pdf-1(lf)mutation affected locomotionof corresponding larvaeon
the food-free plates (Figure S2G). Apparently, a network regu-
lated by these neurotransmitters was inactive in the absence of
food. Therefore, it is possible that elo-5(lf) mutants failed to
deliver a stimulus from food to the neuronal system.
It is important to note that the altered food response is
observed not only in mmBCFA-deficient early-stage larvae but
also in later-stage larvae and adults defective in target of rapa-
mycin (TOR) function. This suggested that this lipid-TORC1
pathway, in addition to promoting neuronal differentiation, may
also significantly impact post-developmental food-related
behavior. While we showed that TORC1 activity is required for
normal food response, we also provided evidence for an
mmBCFA-mediated, but TORC1-independent, mechanism.
Our data suggested that the effect of mmBCFAs is specific for
this type of FA, reflecting their specific relationship with TORC1
and, possibly, other cellular mechanisms. These data also indi-
cated that behavioral changes in mmBCFA-depleted animals
occurred before any signs ofmorphological changes in the intes-
tine and thus suggested that the altered food response was not
caused by malnutrition. The fact that mutations affecting insulin
signaling or general lipid metabolism did not necessarily affect
behavior in our assay supported the proposed specific role of
mmBCFA in food-related behavior.
It was reported that mmBCFAs are present in multiple human
tissues, including fetus, skin, and liver (Nicolaides and Apon,
1976; Ran-Ressler et al., 2011). The significance of such a
phenomenon is not understood. and a link between mmBCFA
function uncovered in this study and feeding in humans is an
intriguing and potentially highly important research problem.
EXPERIMENTAL PROCEDURES
C. elegans Strains and Maintenance
C. elegans were maintained at 20C on NGM plates (referred to as standard
plates) with E. coli strain OP50 bacterial food (OP50/NGM). Washes and
bleaching were performed according to standard protocols (Stiernagle,
2006). Food-free plates were NGM plates without bacteria. The strains used
are listed in the Supplemental Experimental Procedures. RNAi treatment by
feeding was carried out using the Ahringer Lab RNAi Library according to
the Kamath protocol (Kamath and Ahringer, 2003).
Dietary Supplements
FAs C13ISO, C17ISO (Larodan), C16:1 n7, C18:1 n7, and C20:4 n6 (Sigma), as
well as d17iso-SPA (custom synthesis, Larodan), were prepared as 10 mM
stocks in DMSO. A stock solution was mixed with 300 ml of E. coli OP50 over-
night bacterial suspension in a 1:10 ratio. For food-free plates, 30 ml of stockDevsolution was spread on the top of standard plates. When FA supplements
were used in the food-seeking assay, they were either added to the small bac-
terial lawn or spread on top of the agar, according to the task. The solvent,
DMSO, was used in control experiments.
Preparation of the C17ISO-Deficient Eggs and Larvae for Food-
Seeking Assay
For experiments using elo-5(lf), rrf-3(lf), elo-5(lf) nprl-3(lf)/nT1[qIs51], cgt-1(lf):
cgt-3(lf), and let-363(lf) mutants for comparison, the preparation procedure
is described in Supplemental Experimental Procedures.
For experiments using RNAi to perturb gene activity, adult animals of the
corresponding strains were washed off OP50/NGM plates and bleached,
and eggs were plated on elo-5(RNAi) plates prepared according to the stan-
dard protocol. Adults of the next generation were bleached for eggs, produc-
ing C17ISO-deficient larvae. The fath-1/FA2H feeding RNAi was performed on
parental animals at L4-adult stages.
Food-Seeking Behavior Assay
The procedure wasmodified fromShtonda and Avery (2006). Eggswere plated
on one side or in the middle of 3-cm NGM agar plates, at approximately 100
animals per plate. This location was referred to as the ‘‘origin.’’ A 20-ml OP50
bacterial lawn was placed on the opposite side and named ‘‘food.’’ The distri-
bution of animals was scored as on the origin, across the plate (‘‘wandering’’),
and on the food at 20Cwith the lid on. Each type of food-taxis assay was per-
formed in three to five replicates on at least two different occasions. The nu-
merical data were processed in Excel, and SDs were calculated.
For late larvae and adults: wild-type, C17ISO-deficient elo-5(lf), and let-363
(VC2312) animals (mostly late larvae and adults) were washed off the OP50
plates, rinsed three times in M9 buffer, and incubated in M9 for 1 hr. Then,
these fasted animals were plated in a small drop at the center of 3-cm NGM
agar plates free of OP50 (typically, 70–100 animals per plate). After 1–3 hr,
when the animals had dispersed, a small amount of OP50 paste was applied
to the center of the test plates. The movements and locations of the animals
were monitored over time. Images were taken at the time points when most
of the wild-type animals were found dwelling on the food spot. elo-5(lf) animals
were further monitored for a few days to confirm a failure to dwell.
All food-seeking assays were performed in at least three biological
replicates. Note that let-363 homozygous mutants are not viable; therefore,
the let-363(lf) strain (VC2312: let-363(ok3018)/hT2[bli-4(e937) let-?(q782)
qIs48](I;III)) was maintained with a recessive lethal balancer carrying the
wild-type copy of the gene and marked with GFP (http://www.cgc.cbs.umn.
edu/strain.php?id=16586). We used the balanced strain in the foraging assay
and scored non-green animals as let-363(lf) and green as let-363(lf/+).
Behavioral Assay: Spread Rate and Locomotion
Worms of indicated strains were maintained and fed on OP50 bacterial lawn at
20C for at least two generations before bleaching. Mutants maintained on
C17ISO supplements were evaluated for ‘‘normal’’ or ‘‘affected’’ appearance
before bleaching. The mmBCFA-deficient larvae for this assay were obtained
by bleaching from elo-5(lf) parents maintained with C17ISO supplement or
from wild-type or other mutant parents by placing released eggs on elo-
5(RNAi) producing HT115 bacteria. A reason for a different protocol (as
compared with preparation of the worms for food-seeking assay) was that
elo-5(lf) larvae are healthier on food-free plates (food-seeking assay) and
sicker on food plates (spread-rate assay).
About 100 released eggs in 10 ml M9 were spotted on the middle of test
plates (origin spot). Plates with bacterial lawn covering the entire surface of
agar were made 2 days before an experiment. The supplements were applied
on the top of agar or bacterial lawn within 2 hr before plating eggs. Application
of supplements was as follows: 67 ml of 100% DMSO (control solvent); 67 ml of
10 mM C17ISO and other fatty acids in 100% DMSO; 50 ml of M9 (control sol-
vent); 50 ml of 17 mg/ml serotonin in M9. Larvae were scored at R18 hr
following plating eggs. A position of each larva at the time was marked on a
plastic bottom of a plate. The marked plates were photographed, and the im-
ages were processed with ImageJ software. Specifically, X-Y coordinates
were calculated for each of the marked dots relative to the center of the spot-
ting area on a plate. The areas covered by populations of larvae were calcu-
lated as a percentage of the total area of a plate.
Three to ten replicates for each strain and conditions were used in each
experiment, and the experiments were at least duplicated on different days.elopmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier Inc. 269
For locomotion analysis, worms were videotaped on the plates—typically,
11 to 20 larvae for 3–5 min—and the recordings were used to evaluate turns
and runs. Overnight tracks of 11 individual larvae were used to calculate the
length of runs.
For the behavior assay using the transgenic lines, all strains of worms were
maintained on food for at least three generations before releasing eggs for the
experiment. Mutants maintained on C17ISO supplements were evaluated for
normal or affected appearance before bleaching.
Thermotaxis Assay
L1 larvae hatched inM9were plated in the center of food-free plates. A stack of
six plates was placed against a glass container filled with ice so that the plates
touched the container. The distribution of the animals on the plates was eval-
uated 3 hr after plating the larvae.
Response to NaCl Gradient
Eggs were released from adults and plated on bacteria-free NGM plates over-
night for hatching. L1 larvae were collected by rinsing plates with M9 and
transferred onto the center of the test plates. The test plates were regular
10-cm Luria-Bertani (LB) agar plates (15 g/l agar, 10 g/l tryptone, 5 g/l yeast
extract, 5 g/l NaCl) pre-spotted with 1 ml of 100 mM NaCl and 1 ml of 1 M
NaN3 on one side and 1 ml of 1 M NaN3 on the other side 1 hr before plating
larvae. Distribution of L1 larvae was scored over time. The chemotaxis index
(CI) was calculated as: (number of larvae on NaCl area  number of larvae
on opposite area)/total number of larvae on a plate. Area was defined as a
circle with 1 cm in diameter around a spot. The assay was performed in
triplicates.
Microarray Sample Preparation and Data Analysis
Total RNA from elo-5() either deficient for or supplemented with C17ISO, as
well as from control wild-type N2 L1 for C. elegans Affymetrix GeneChip
hybridization, was prepared as described in the Supplemental Experimental
Procedures. The data were submitted to GEO with the accession number
GSE64973.
Data analysis was performed with dChip analytical software (Li and Wong,
2001) (https://sites.google.com/site/dchipsoft/). For comparative analysis,
we used compatible Affymetrix data submitted to the NCBI GEO microarray
database for C. elegans’ 3-fold stage embryo (GSE25633) (Phirke et al.,
2011), embryo 2 hr before hatching, and L1 3 hr and 15 hr starved in liquid me-
dia (GSE11055) (Baugh and Sternberg, 2006). All cell intensity files (.CEL) were
normalized andmodified in dChip before comparison and clustering. The gene
and sample clustering presented in Figure 5A was obtained with the following
parameters: output genes: embryonic samples at baseline and elo-5(gk208)
C13ISO in experiment, fold change >5, p value for call < 0.05; output samples:
3-fold embryos, embryos 2 hr before hatching, L1 2 hr and 15 hr in food-
free complete S-basal liquid media, elo-5(gk208) C13ISO, and elo-5(gk208)
C17ISO.
Microscopy
Analysis of GFP expression was performed with Nomarski optics using a Zeiss
Axioplan2 microscope and a Zeiss AxioCamMRmCCD camera. Plate pheno-
types were observed using a Leica MZ16F dissecting microscope, and pic-
tures and videos were taken with a Hamamatsu C4742-95 CCD camera.
Quantification of the Fluorescent Protein Expression
Fluorescence in L1 wild-type and mmBCFA-deficient animals was compared.
Dozens of animals of each kind were photographed under fluorescent micro-
scope using the same settings. Intensity of fluorescence in specific neurons
was evaluated using ImageJ.
Statistical Analysis
All statistical analyses were performed using Student’s t test, and p < 0.05 was
considered a significant difference.
ACCESSION NUMBERS
The accession number for microarray data reported in this article is GEO:
GSE64973.270 Developmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier IncSUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2015.02.015.
ACKNOWLEDGMENTS
We thank Y. Teng and J. Cavaleri for assistance; S.Mitani, A. Fire, and the Cae-
norhabditis Genetics Center (funded by NIH Office of Research Infrastructure
Programs [P40 OD010440]) for strains; L. Avery, W. Wood, and members of
our laboratory for valuable discussions during the study and comments on
the manuscript. The project is supported by the Howard Hughes Medical
Institute.
Received: January 6, 2014
Revised: December 17, 2014
Accepted: February 18, 2015
Published: April 16, 2015
REFERENCES
Avery, L., and Horvitz, H.R. (1990). Effects of starvation and neuroactive drugs
on feeding in Caenorhabditis elegans. J. Exp. Zool. 253, 263–270.
Bargmann, C.I. (2006). Chemosensation in C. elegans. WormBook, 1–29.
Bargmann, C.I., Hartwieg, E., and Horvitz, H.R. (1993). Odorant-selective
genes and neurons mediate olfaction in C. elegans. Cell 74, 515–527.
Baugh, L.R., and Sternberg, P.W. (2006). DAF-16/FOXO regulates transcrip-
tion of cki-1/Cip/Kip and repression of lin-4 during C. elegans L1 arrest.
Curr. Biol. 16, 780–785.
Baugh, L.R.,Demodena, J., andSternberg,P.W. (2009).RNAPol II accumulates
at promoters of growth genes duringdevelopmental arrest. Science 324, 92–94.
Ben Arous, J., Laffont, S., and Chatenay, D. (2009). Molecular and
sensory basis of a food related two-state behavior in C. elegans. PLoS ONE
4, e7584.
Brignull, H.R., Moore, F.E., Tang, S.J., and Morimoto, R.I. (2006).
Polyglutamine proteins at the pathogenic threshold display neuron-specific
aggregation in a pan-neuronal Caenorhabditis elegans model. J. Neurosci.
26, 7597–7606.
Cahill, G.F., Jr. (1970). Starvation in man. N. Engl. J. Med. 282, 668–675.
Chao, M.Y., Komatsu, H., Fukuto, H.S., Dionne, H.M., and Hart, A.C. (2004).
Feeding status and serotonin rapidly and reversibly modulate a Caenorhabditis
elegans chemosensory circuit. Proc. Natl. Acad. Sci. USA 101, 15512–15517.
Cheng, L.Y., Bailey, A.P., Leevers, S.J., Ragan, T.J., Driscoll, P.C., and Gould,
A.P. (2011). Anaplastic lymphoma kinase spares organ growth during nutrient
restriction in Drosophila. Cell 146, 435–447.
Cota, D., Proulx, K., Smith, K.A., Kozma, S.C., Thomas, G., Woods, S.C., and
Seeley, R.J. (2006). Hypothalamic mTOR signaling regulates food intake.
Science 312, 927–930.
Dibble, C.C., and Manning, B.D. (2013). Signal integration by mTORC1 coor-
dinates nutrient input with biosynthetic output. Nat. Cell Biol. 15, 555–564.
Dobbing, J., Hopewell, J.W., and Lynch, A. (1971). Vulnerability of developing
brain. VII. Permanent deficit of neurons in cerebral and cerebellar cortex
following early mild undernutrition. Exp. Neurol. 32, 439–447.
Edgar, L.G., and McGhee, J.D. (1986). Embryonic expression of a gut-specific
esterase in Caenorhabditis elegans. Dev. Biol. 114, 109–118.
Fielenbach, N., and Antebi, A. (2008). C. elegans dauer formation and the
molecular basis of plasticity. Genes Dev. 22, 2149–2165.
Flavell, S.W., Pokala, N., Macosko, E.Z., Albrecht, D.R., Larsch, J., and
Bargmann, C.I. (2013). Serotonin and the neuropeptide PDF initiate and extend
opposing behavioral states in C. elegans. Cell 154, 1023–1035.
Fujiwara, M., Sengupta, P., and McIntire, S.L. (2002). Regulation of body size
and behavioral state of C. elegans by sensory perception and the EGL-4
cGMP-dependent protein kinase. Neuron 36, 1091–1102..
Gray, J.M., Hill, J.J., and Bargmann, C.I. (2005). A circuit for navigation in
Caenorhabditis elegans. Proc. Natl. Acad. Sci. USA 102, 3184–3191.
Ha, H.I., Hendricks, M., Shen, Y., Gabel, C.V., Fang-Yen, C., Qin, Y.,
Colo´n-Ramos, D., Shen, K., Samuel, A.D., and Zhang, Y. (2010). Functional or-
ganization of a neural network for aversive olfactory learning in Caenorhabditis
elegans. Neuron 68, 1173–1186.
Hietakangas, V., and Cohen, S.M. (2009). Regulation of tissue growth through
nutrient sensing. Annu. Rev. Genet. 43, 389–410.
Hobert, O. (2005). Specification of the nervous system. WormBook, 1–19.
Horvitz, H.R., Chalfie, M., Trent, C., Sulston, J.E., and Evans, P.D. (1982).
Serotonin and octopamine in the nematode Caenorhabditis elegans.
Science 216, 1012–1014.
Jones, K.T., Greer, E.R., Pearce, D., and Ashrafi, K. (2009). Rictor/TORC2
regulates Caenorhabditis elegans fat storage, body size, and development
through sgk-1. PLoS Biol. 7, e60.
Kamath, R.S., and Ahringer, J. (2003). Genome-wide RNAi screening in
Caenorhabditis elegans. Methods 30, 313–321.
Kniazeva, M., Crawford, Q.T., Seiber, M., Wang, C.Y., and Han, M. (2004).
Monomethyl branched-chain fatty acids play an essential role in
Caenorhabditis elegans development. PLoS Biol. 2, E257.
Kniazeva, M., Euler, T., and Han, M. (2008). A branched-chain fatty acid is
involved in post-embryonic growth control in parallel to the insulin receptor
pathway and its biosynthesis is feedback-regulated in C. elegans. Genes
Dev. 22, 2102–2110.
Koga, M., and Ohshima, Y. (2004). The C. elegans ceh-36 gene encodes a pu-
tative homemodomain transcription factor involved in chemosensory func-
tions of ASE and AWC neurons. J. Mol. Biol. 336, 579–587.
Lanjuin, A., VanHoven, M.K., Bargmann, C.I., Thompson, J.K., and Sengupta,
P. (2003). Otx/otd homeobox genes specify distinct sensory neuron identities
in C. elegans. Dev. Cell 5, 621–633.
Laplante, M., and Sabatini, D.M. (2012). mTOR signaling in growth control and
disease. Cell 149, 274–293.
Laplante, M., and Sabatini, D.M. (2013). Regulation of mTORC1 and its impact
on gene expression at a glance. J. Cell Sci. 126, 1713–1719.
Lee, B.H., and Ashrafi, K. (2008). A TRPV channel modulates C. elegans
neurosecretion, larval starvation survival, and adult lifespan. PLoS Genet. 4,
e1000213.
Lesch, B.J., Gehrke, A.R., Bulyk, M.L., and Bargmann, C.I. (2009).
Transcriptional regulation and stabilization of left-right neuronal identity in C.
elegans. Genes Dev. 23, 345–358.
Li, C., andWong,W.H. (2001). Model-based analysis of oligonucleotide arrays:
expression index computation and outlier detection. Proc. Natl. Acad. Sci.
USA 98, 31–36.
Long, X., Spycher, C., Han, Z.S., Rose, A.M., Muller, F., and Avruch, J. (2002).
TOR deficiency in C. elegans causes developmental arrest and intestinal atro-
phy by inhibition of mRNA translation. Curr. Biol. 12, 1448–1461.
Marza, E., Simonsen, K.T., Faergeman, N.J., and Lesa, G.M. (2009).
Expression of ceramide glucosyltransferases, which are essential for glyco-
sphingolipid synthesis, is only required in a small subset of C. elegans cells.
J. Cell Sci. 122, 822–833.
Melo, J.A., and Ruvkun, G. (2012). Inactivation of conserved C. elegans genes
engages pathogen- and xenobiotic-associated defenses. Cell 149, 452–466.
Mukhopadhyay, A., and Tissenbaum, H.A. (2007). Reproduction and longevity:
secrets revealed by C. elegans. Trends Cell Biol. 17, 65–71.
Nicolaides, N., and Apon, J.M. (1976). Further studies of the saturated methyl
branched fatty acids of vernix caseosa lipid. Lipids 11, 781–790.
Phirke, P., Efimenko, E., Mohan, S., Burghoorn, J., Crona, F., Bakhoum, M.W.,
Trieb, M., Schuske, K., Jorgensen, E.M., Piasecki, B.P., et al. (2011).
Transcriptional profiling of C. elegans DAF-19 uncovers a ciliary base-associ-
ated protein and a CDK/CCRK/LF2p-related kinase required for intraflagellar
transport. Dev. Biol. 357, 235–247.DevPierce-Shimomura, J.T., Morse, T.M., and Lockery, S.R. (1999). The funda-
mental role of pirouettes in Caenorhabditis elegans chemotaxis. J. Neurosci.
19, 9557–9569.
Ran-Ressler, R.R., Khailova, L., Arganbright, K.M., Adkins-Rieck, C.K., Jouni,
Z.E., Koren, O., Ley, R.E., Brenna, J.T., and Dvorak, B. (2011). Branched chain
fatty acids reduce the incidence of necrotizing enterocolitis and alter gastroin-
testinal microbial ecology in a neonatal rat model. PLoS ONE 6, e29032.
Robida-Stubbs, S., Glover-Cutter, K., Lamming, D.W., Mizunuma, M.,
Narasimhan, S.D., Neumann-Haefelin, E., Sabatini, D.M., and Blackwell, T.K.
(2012). TOR signaling and rapamycin influence longevity by regulating SKN-
1/Nrf and DAF-16/FoxO. Cell Metab. 15, 713–724.
Samuel, A.D., and Sengupta, P. (2005). Sensorimotor integration: locating
locomotion in neural circuits. Curr. Biol. 15, R341–R343.
Sawin, E.R., Ranganathan, R., and Horvitz, H.R. (2000). C. elegans locomotory
rate is modulated by the environment through a dopaminergic pathway and by
experience through a serotonergic pathway. Neuron 26, 619–631.
Sheaffer, K.L., Updike, D.L., andMango, S.E. (2008). The Target of Rapamycin
pathway antagonizes pha-4/FoxA to control development and aging. Curr.
Biol. 18, 1355–1364.
Shtonda, B.B., and Avery, L. (2006). Dietary choice behavior in Caenorhabditis
elegans. J. Exp. Biol. 209, 89–102.
Song, B.M., Faumont, S., Lockery, S., and Avery, L. (2013). Recognition
of familiar food activates feeding via an endocrine serotonin signal in
Caenorhabditis elegans. eLife 2, e00329.
Soukas, A.A., Kane, E.A., Carr, C.E., Melo, J.A., and Ruvkun, G. (2009).
Rictor/TORC2 regulates fat metabolism, feeding, growth, and life span in
Caenorhabditis elegans. Genes Dev. 23, 496–511.
Stiernagle, T. (2006). Maintenance of C. elegans. WormBook, 1–11.
Swiech, L., Perycz, M., Malik, A., and Jaworski, J. (2008). Role of mTOR in
physiology and pathology of the nervous system. Biochim. Biophys. Acta
1784, 116–132.
Syntichaki, P., Troulinaki, K., and Tavernarakis, N. (2007). eIF4E function in so-
matic cells modulates ageing in Caenorhabditis elegans. Nature 445, 922–926.
Sze, J.Y., Victor, M., Loer, C., Shi, Y., and Ruvkun, G. (2000). Food and meta-
bolic signalling defects in a Caenorhabditis elegans serotonin-synthesis
mutant. Nature 403, 560–564.
Sze, J.Y., Zhang, S., Li, J., and Ruvkun, G. (2002). The C. elegans POU-domain
transcription factor UNC-86 regulates the tph-1 tryptophan hydroxylase gene
and neurite outgrowth in specific serotonergic neurons. Development 129,
3901–3911.
Thimgan, M.S., Suzuki, Y., Seugnet, L., Gottschalk, L., and Shaw, P.J. (2010).
The perilipin homologue, lipid storage droplet 2, regulates sleep homeostasis
and prevents learning impairments following sleep loss. PLoS Biol. 8, 8.
Troemel, E.R., Sagasti, A., and Bargmann, C.I. (1999). Lateral signaling
mediated by axon contact and calcium entry regulates asymmetric odorant
receptor expression in C. elegans. Cell 99, 387–398.
Waggoner, L.E., Zhou, G.T., Schafer, R.W., and Schafer, W.R. (1998). Control
of alternative behavioral states by serotonin in Caenorhabditis elegans.
Neuron 21, 203–214.
Wakabayashi, T., Kitagawa, I., and Shingai, R. (2004). Neurons regulating the
duration of forward locomotion in Caenorhabditis elegans. Neurosci. Res. 50,
103–111.
White, R.J., and Sharrocks, A.D. (2010). Coordinated control of the gene
expression machinery. Trends Genet. 26, 214–220.
Zhang, Y., Lu, H., and Bargmann, C.I. (2005). Pathogenic bacteria induce
aversive olfactory learning in Caenorhabditis elegans. Nature 438, 179–184.
Zhu, H., Shen, H., Sewell, A.K., Kniazeva, M., and Han, M. (2013). A novel
sphingolipid-TORC1 pathway critically promotes postembryonic development
in Caenorhabditis elegans. eLife 2, e00429.
Zoncu, R., Efeyan, A., and Sabatini, D.M. (2011). mTOR: from growth signal
integration to cancer, diabetes and ageing. Nat. Rev. Mol. Cell Biol. 12, 21–35.elopmental Cell 33, 260–271, May 4, 2015 ª2015 Elsevier Inc. 271
